IEEE paper

Piezoelectric Rainfall Energy Harvester Performance by Advanced Arduino
based Measuring System

G. Acciari, M. Caruso, R. Miceli, L. Riggi, P. Romano, G. Schettino, F. Viola

Dipartimento di Energia, ingegneria dell’ Informazione e modelli Matematici, DEIM
University of Palermo, Palermo, Italy

Abstract— This paper presents the performances of rainfall
energy harvesting through the use of a piezoelectric transducer
and an Arduino-based measuring system. Different studies
agree on the possibility of generating electricity from rainfall,
but to date, a study on measuring the quantity of energy
produced during rainfall is still missing. The present study
begins with results obtained from laboratory researchers using
piezoelectric transducers and oscilloscopes, finalized to
measure the energy produced from a single raindrop, and
concludes with an ad hoc Arduino-based measuring system,
aimed to measure the actual amount of electrical energy
produced by a piezoelectric transducer that is exposed to
rainfall of variable durations.

Index Terms — Energy harvesting, piezoelectric sensor

. INTRODUCTION

Research in the field of electrical engineering has been
long engaged in the identification of new forms of energy
reduction from common and everyday life sources. One of
the latest techniques in this exploration phase is the
conversion of mechanical energy, otherwise dispersed, into
electricity by the employment of harvesters. This conversion
creates micro-productions of electrical energy caused by
vibrations of a piezoelectric transducer, which is then used
to feed sensors, or electronic instruments, with small energy
consumption (e.g., wireless sensors used for monitoring
applications, which still need chemical batteries and have
high costs of maintenance and disposal).

Piezoelectric materials have a lack of symmetry in the
crystal lattice, leading to a dipole moment generation, which
is also function of the stress acting on the structure. The
lattice structure allows the fabrication of devices both in the
macro and in the micro scales, overcoming the limitations
due to the number of windings to be used in the
electromagnetic transducers.

It can be stated that the Kkinetic energy of the ambient
vibrations, which represents an energy normally wasted in
the environment without a useful purpose, can be coupled to
electromechanical transducers in order to feed electronic
monitor apparatus. The vibration energy can be regarded as
marginal energy due to its small entity, but it can be suitably
adopted for utilities of reduced energy capacity, such as the
transmission of information.

A complete overview on the possibility of harvest energy
in different scenarios is difficult to be provided, since novel
approaches and innovative ideas are continuously being

developed: Benasciutti [1] studied the possibility of
harvesting energy  from  vibrating shoe-mounted
piezoelectric cantilevers, whereas Xiang et al. [2] faced the
harvesting of energy induced from the deformation of
sidewalks due to moving vehicles. Moreover, Van den Ende
et al. [3] discussed about the harvesting from automotive
tires and Hobeck [4] proposed an innovative piezoelectric
grass energy harvester. In addition, Jager et al. faced the
rainfall energy harvest as well [5-6], with the idea of
converting the kinetic energy possessed by the drops of
rainwater into electrical energy by means of piezoelectric
plates. A pioneering comparison of different piezoelectric
materials finalized to investigate the possibility of energy
generation water droplets energy sources for low power
electronic devices was studied by Vatansever et al. [7].

These studies confirmed that the single drop of water
hitting the piezoelectric plates generates voltages less than a
dozen of volts (peak to peak), but no evaluation on power
has been proposed. The drops of rain strike the piezoelectric
material in a cantilever configuration, which may be subject
to study to improve the energy produced, as described by
Benasciutti et al. [8-9]. Although this peak to peak voltage
seems adequately high to interact with electronic devices or
rectifiers, a more accurate characterization is required, in
order to dispel excessive optimistic predictions. The concept
of energy flow, presented by Liang in [10] and by Erturk
[11], clarifies the dissipation of energy during the harvesting
process, in order to separate the electromechanical coupling
coefficient of the system, natural frequencies, damping ratio
and electric load. Roundy [12] proposed useful schemes for
the modeling of the electromechanical coupling and these
models are here validated for the raindrop harvester. The
French studies [5-6] have demonstrated that a single
raindrop with diameters ranging between 1 and 5 mm can
generate up to 12mJ/s, whereas Italian studies have shown
that the piezoelectric transducer-based conversion system
produces 0.43 pJ of energy for each raindrop that impacts it
[13-18]. A recent work of Helseth [19] introduces different
possibilities to harvest raindrop energy with piezoelectric
and triboelectric transducers and evaluates the energy
potential due to rain parameters. Lin et al. [19] with a
pioneering work, suggest a recover energy of 30 nJ of
electrical energy due to a droplet of 30 mL. These results
leave some uncertainty on the actual capability to generate a
sufficient amount of electrical energy from rain.
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The aim of this paper is to study the amount of power
harvested from the rain, since such characterization is still
missing in literature. In order to better define the amount of
power extracted from a single drop of rain, different systems
(consisting of commercial transducers) are compared. These
systems are exposed to both natural and artificial rain and
they are also subject to suitable configurations with different
shape and deflection in order to increase the extracted
power. Then, an experimental identification on the amount
of energy obtainable from the impact of multiple drops on a
piezoelectric transducer during a real rainfall is performed.
For this purpose, an ad hoc measuring tool has been set-up,
by exploiting the potential of the open source prototyping
system named “Arduino”. This study can lead to the
evaluation of the energy of raindrop in order to create smart
sensor that feeds itself and communicate the kinetic energy
of raindrop to prevent soil erosion.

In order to give a complete overview of the raindrop
harvesting two review can be taken into account [21,22].

This paper is structured as follows: Section Il describes
the Arduino system, Section Il describes piezoelectric
harvesters. In Section 1V a model of the cantilever is
developed, whereas in Section V the developed model is
used to evaluate the Arduino measuring system. Finally, the
proposed system is used in an open field test, described in
Section VI.

Il. HARDWARE PLATFORM AND CIRCUITAL
COMPONENTS

Arduino [23-24] is a hardware platform used for the
development of applications based on ATMEL
microcontrollers. The model “Arduino UNO R3 SMD?”,
which is used in the current study, is a standard commercial
board entrusted to acquiring and recording inputs. In this
study, the Arduino UNO board was connected to the
Ethernet Shield, in order to allow data storage on a micro-
SD card (Samsung EVO HC 32GB, class 10), which was
inserted into the Ethernet Shield and used to record data.
The detection of values only between 0 V and 5 V was the
only limit of the Arduino platform regarding the proposed
study. In order to solve this problem, an ad hoc electrical
circuit was used to regulate the signal, so that once the
oscillation was exhausted, it guaranteed the voltage trend at
2.50 V, as to provide, after an appropriate encoding of the
obtained results, the entire transition from -2.5 V to +2.5 V.
The measurement set-up employing Arduino is shown in
Fig. 1.

The circuit connected to the Arduino system is created
by a low voltage rail-to-rail operational amplifier fed by the
same board. This circuit works in the desired voltage range
accepted by the Arduino board in order to optimize its
work. The circuit is also comprised of four resistors used to
set bias and gain.

Harvester

Fig. 1 — Measurement set-up employing Arduino.

I1l.  PIEZOELECTRIC TRANSDUCERS AND
RAINDROP

The ability of piezoelectric materials to convert
electrical energy into mechanical and vice versa depends on
their crystalline structure. The required condition for the
piezoelectric effect is the absence of a center of symmetry in
the crystal, which is responsible for charge separation
between positive and negative ions and the formation of the
Weiss domains. By applying an electric field to a
piezoelectric material, the Weiss domains are proportionally
aligned to the field. As a consequence, the size of the
material changes, by increasing or decreasing if the
direction of the Weiss domains is the same as or opposite to
the electric field. Therefore, a stress (tensile or compressive)
applied to a piezo-crystal will alter the separation between
the positive and negative charge sites in each elementary
cell, leading to a net polarization at the crystal surface. The
piezoelectric effect verifies the first law of the
thermodynamics (principle of conservation of energy).

In this study, the energy harvester consists of a
piezoelectric film on an epoxy cantilever sandwiched
between electrodes that are used to collect the generated
power. A water drop falling on the structure creates an
impulsive force that brings the internal lattice structure of
the piezoelectric element to deform, causing the loss of
symmetry, and therefore the generation of small dipoles,
which global effect is an impulsive voltage on electrodes.

Mechanical vibrations follow the impact, stress is
induced within the material, thus giving rise to an electrical
source. A sheet of piezoelectric material has some
limitations in the mechanical-electrical transduction for low-
frequency signals, since the effects of the induced electric
field, generated in the hit region, are mitigated by the
surrounding areas, and for large sheets effects are tenuous.
The behavior of generated pulses depends on the state of
locking of the piezoelectric film.
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Fig.2. Piezoelectric cantilevers: one edge bound (left) and two edges
(right).

Different studies in the literature show encouraging
results with regards to the generation of electricity from
water droplets [21,22]. The piezoelectric transducers can
reach tens of volts, but this result does not yet allow to
attribute to them the character of power generators. The
water drops continuity in the same place is very variable:
there may be intervals of seconds (small rainfall) or
fractions of seconds (downpour). Different performances
due to variable drops dimensions (mass) and impact point
make it hard to model the phenomenon. The voltage has a
peak waveform and not a continuous voltage, so an
equivalent average voltage has to be defined. For a power
system the equivalent average current can be obtained by
using a bridge rectifier and a smoothing capacity (initially,
for the theoretical model, this approach has been not
considered).

Different transducers configuration can be adopted. For
instance, Fig. 2 shows the two models locked in one end
(Viola et al.,[13-18]) and two ends (Jager et al., [5-6]).
Larger collection surfaces can be wused, made with
piezoelectric material (Perera et al., [26]), or with an inert
collecting diaphragm linked to piezoelectric cantilevers
(Wong Ching-Hong et al. [27]), as shown in Fig. 3.

In order to evaluate the output power of a piezoelectric
transducer, the definition of a range of possible stresses is
needed. The single drop of water can have a diameter that
varies between 0.2 to 6 mm. By considering a speed on
impact of approximately 2 m/s for the small drop and 9 m/s
for the largest one, it is possible to estimate the energy input
as:

Enmin = 3.1 , Emax =0.063 J 1)

O
—©
0_
' <

Fig. 3. Larger piezoelectric harvesting systems.

Furthermore, by considering an interval of 2 seconds
between two consecutive drops, the power is given by:

Pmin = 15HW y Pmax =0. 031W. (2)

The harvestable power, however, is affected by several
factors. The drop, while fully centering the piezoelectric
film, is not able to transfer maximum energy as it is subject
to the phenomenon of splashing: the collision is not
complete since the main drop is separated itself into small
drops, leaving the impact surface. Therefore, an efficiency
of collision #conision Must be introduced. In addition, the drop
stresses the piezoelectric according to the 31 mode and not
all the energy is converted into charges on the plates of the
transducer. Therefore, the efficiency of the piezoelectric
element #piezo Should be added, as well as for #rect in order to
take into account the losses of the rectifying bridge.

Thus, the output power is given by [22]:

Pout: Hcollision “Hpiezo “Hrect 'Pmax- (3)

The output power is certainly reduced. Therefore, the main
purpose is to maximize it.

The transducers on which the experiments were
conducted are the Mide Volture V22B [28] and the MEAS
LDT1-028K [29] types, both mounted on a suitable support,
as shown in Figs.4 and 5, respectively. The PVDF Meas is
customable, the PZT Volture has a rigid structure and no
modification can be introduced.

Fig. 4. Lead zirconate titanate (PZT) transducers: V22BL in the top and
V22B in the bottom of the picture.

Fig. 5. Meas LDT1-028k polyvinylidene difluoride (PVDF) transducer.
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IV. CANTILEVER MODEL

In order to evaluate the harvested power, which is taken
by the employment of an AC-DC converter (composed by a
rectifier bridge and a smoothing capacitor), it is necessary to
study the shape of the waveform that interacts with the
bridge.

Fig.6 reports the electro-mechanical scheme presented
by Roundy and Wright [12]. The electrical and mechanical
parts are connected via an unusual transformer, as
demonstrated by Pinna et al. [30].

For a mode 31, it is possible to define the following
equations:

S, =s,0+d,E;;

(4)

D, =d,, 0+ ¢E,,
where the tensors depend on the direction of both the force
and the field, S is the strain, s is the compliance coefficient,
o is the stress, dis the piezoelectric coefficient of strain, E is
the electric field, D represents the displacement field and ¢
the permittivity. Impact and following vibration are related
to axis 3.

In the mechanical scheme the stress ¢ has the role of

voltage; first derivative of strain, S, that one of current. On
the equivalent inductance L the applied voltage is related
to the second derivative of strain, on the equivalent
resistance R voltage is related to the first derivative and on
the capacitance Cr, directly to the strain. The derivative is
related to the longitudinal axis of the harvester, referred as
axisl, not to time

In the mechanical part, the inductor L, represents the
equivalent mass and the inertia of the vibrating mass, while
Rm represents the mechanical losses. In addition, Cp
represents the mechanical stiffness and the stress generator
oin is due to external mechanical vibration. In the electrical
part, C. represents the capacitance of the piezoelectric
element, R. an external load and V. is the voltage across the
piezoelectric transducer. Electric and mechanical parameters
depend on the shape and the vibration mode of the
piezoelectric transducer.

By applying Kirchhoff’s law on the first loop, the
following equation is obtained:

Oin _ng_RmS_S/Cm :Vm’ (5)
L Rm
| %
Ve
Oin Vm Ce ; 5 Re
e
} - e e e
mechanical electrical

Fig. 6. Equivalent electro-mechanical scheme.
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Fig. 7. Layer of the PVDF cantilever.
the equivalent transformer constitutive equation are:

vV, =n\V,,
=L ©)
n.

The cantilever configuration is studied for the PVDF
transducer, which has a free edge. This harvester is
composed by only one piezoelectric layer. The inertia
moment of the mass is evaluated by the following equation:

3

WES e wt?
J=2 —— +wt
12

bz + piezo ' (7)
mylar 12
where b is the distance between the middle points of layers,
as shown in Fig 7.

The average stress in the beam is equal to:

N LY

) 8
RS ®)

in

where:
M(X): I:in(lb—f_lm/z_x)’ 9

I, is the length of the cantilever and F is the force exerted by
the drop.

Kj is the geometrical coefficient that correlates the stress ain
and Fin:

o, = K/F (10)

in*
During the vibrations, K; relates also the stress due to the
mass of water attached to the cantilever:
o, =KF (11)

m?
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and in similar way it is related to the second derivative of
the strain by:

o, = K,K,mS, (12)

where m is the mass of the water and K, is a geometrical
coefficient.

The equivalent inductance Ly, and the equivalent resistance
Rm are given by, respectively:

Lm = KiKom, Rn=KiK; bn (13)
f K /m
where bm =.|— / — s the damping factor, K 23/511
m/ Q
is the Young’s module and Q =10.

The equivalent capacitance relates strain with stress by
using the compliance constant si.:
1 .
O =—=—dex. (14)
Cm

Sll

In order to evaluate the voltage ratio ny, a strein zero
configuration is considered:

0=s,0; +d,E;, (15)

The relationship between the electric field and the voltage
can be expressed by the following equation:

d d, V
o, =—£IE3dz = Te (16)
Sll Sll tpiezo
d
n, =——3 (17)
Sllt piezo
The electric current is equal to:
.V .
i=—<+CV, (18)
R e
where
wi
C,=e—2>. (19)
piezo

If the external electric field is neglected, then:

D:%S, (20)

Sll

the electrode charge is given by:

q=W|bD:W|b%S, (1)
Sll

The current | and the current ratio are equal to:

: dy; o 12
i=wl, —2LS=-S. (22)
Sll ni
The characterization has been carried out for a one-edge
fixed cantilever, but the two-edge cantilever can be also

studied in a similar manner.

The transfer function can be easily developed, where the
mechanical and electrical equations are given by:

L,S+R,S+S/C, =0, +V,, (23)
.V .
w, g Ve oy (24)
s, R

by transforming in the Laplace domain:

2 by 1 Oin d;K
S|s*+—s+ = + (25)
m  mKK,K) KK,m t,,mKK,
S= i (s+ L JV . (26)
t piezod 31 KS Rece
The voltage transfer function can be expressed as:
Ve As @7
s°+B,s"+B;s+B,
where
t...d, Ko
A1 — piezo 31 in (28)
emK K,
b 1
B, ="4+ —, 29
> m RC, )
2 K2
Bl:#_kb_m_dﬂ—, (30)
mK,K,K  m emK/K,
1
(1)

By=—————.
R.C,mK,K,K

The magnitude of the Bode diagram is reported in Fig. 8.
It can be observed that the maximum is located for w, = 260
rad/s. Such behavior is principally due to the mechanical
properties of the cantilever.
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Fig. 8. Bode’s diagram of the voltage transfer function.

V. VALIDATION OF THE INSTRUMENT

An indoor experiment under simplified conditions has
been carried out in order to validate the proposed model and
the transfer function. This test reconstructs the falling of
water drops on the cantilever. Afterwards, the recorded
output voltage is compared with the values obtained with
the model. A pipette has been adopted for the rainfall
simulation; this solution allowed the artificial creation of a
calibrated water drop (with a default speed caused by the
height of the fall).

The piezoelectric plate was fixed to a plane by means of a
vise, so that the structure was stable on one side and free to
move at the other. In this manner, the oscillatory properties
of the material were kept unchanged, reproducing the
behavior of a cantilever beam. The connectors of the lamina
have been linked to a probe of the oscilloscope LT342L
(Lecroy Inc.).

The pipette consists of a cylindrical capillary with thick
walls, the end of which is cut along a section, as shown in
Fig. 9, where the drops are formed.

The relationship between the droplet radius and the
capillary radius is given by the following equation:

1
_ 3Rcapi|lary7)3 (32)
20p

where p is the surface tension of water, y is the density of
water and g is the gravity acceleration.

i

Rcapillary

Rdrop

R, (_ )
drop —
Fig. 9. Schematic of the release stages of the drop from the
pipette.
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Fig. 10. Time profile of the recorded voltage.

However, the adoption of the capillary for the creation
of the droplet has a drawback concerning the movement of
the liquid through the capillary, due to the fact that the
droplet ejection must be relatively slow, so that a certain
condition of static equilibrium can be maintained. The
employment of a disdrometer allows the achievement of
better performances for the water droplets characterization.
A first test has been carried out considering a height of 80
cm and the waveform of the generated voltage detected by
the scope (set to 2 V/division) is shown in Fig. 10.

As a pulse stress the system, the system itself responds
to the frequency that maximizes the output. A maximum of
6 V has been reached, this is due to the precision of fall in
the edge area of the cantilever, to the use of a very large
drop, to the absence of the phenomenon of splashing.

The response of the model can be carried out by means of
Simulink® program, in which a simple block diagram is
realized and depicted in Fig. 11 (a).

The stress due to the water drop can be simulated by an
impulsive force and, therefore, a similar function to the
Dirac delta function is considered in this study. Fig. 11 (b)
shows the time profile of the pulse, which is defined as the
limit for A that tends to zero of the rectangular function with
height equal to 1/ A and amplitude A. For t=to, this function
can have an infinite value, while outside the interval [to,
to+A] the function value is equal to zero.

By considering an observation time equal to 10 s, the
pulse generator has been considered as not ideal and the
impact of the drop on the piezoelectric has been set equal to
0.08% of the time interval. The mass is 0.12 g, while the
final velocity and the force are set to 1.24 m/s and 0.77 N,
respectively.

14
numis) A
1 > N[
den(s) :
Pulse Transfer Fen Scope eom
Generator to At
-«
(a) (b)

Fig. 11. Simulink model of the piezoelectric system (a) . Time-profile of the
stress caused by the water drop (b).
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Fig. 12. Comparison between the time profiles of recorded and simulated
voltage.

The comparison between the recorded voltage and the
simulated one is shown in Fig. 12 and no splashing
phenomenon has been observed.

Oscillations in the simulated system are very similar to

the recorded ones, as well as for the voltage values.
Other laboratory tests with different height of fall of the
drop have been carried out, demonstrating that, by
increasing the height, the maximum value of the voltage
produced by the drop is increased, keeping constant its
geometrical dimensions. However, it has been also found
that as the speed of fall increases, the splash phenomenon
occurs, and a loss of mechanical energy causes a divergence
of the theoretical results compared to experimental ones.

VI. EXPERIMENTAL STUDY

Samplings were performed on January 18™, 2015, in San
Cataldo (CL, Sicily, Italy), and on January 22", 2015, in
Caltanissetta, (CL, Sicily, Italy). Arduino UNO, equipped
with the Ethernet shield and breadboard with resistors and
an integrated circuit, as shown in Fig. 13 (a), was located in
a polystyrene waterproof box (see Fig. 13 (b)) to protect the
circuit from the rain. The piezoelectric transducer was
exposed to the meteorological phenomena through a gap
suitably created in the waterproof box.

The measuring instrument was laid on the ground and it
was free from any obstacles that could have limited the
exposure to the rain. The results detected during the first
sampling day at 05:45 pm.

The open field test showed different behaviors from
those taken in the laboratory or by means of the
mathematical model.

(@) (b)
Fig. 13- Instrumentation adopted for the experimental study (a) and
waterproof box used for the tests (b).

The magnification of the oscillation caused by a single
raindrop that reached a greater amplitude during the
sampling is also shown in Fig 14 (b). The charging of
energy is denoted by the unusual zig-zag trend at the
beginning of the transient. This is precisely the moment
when the drop collided with the piezoelectric wafer. Fig. 14
shows a little ripple for the recorded voltage, but not for the
simulated one. In the inner laboratory test, no splashing was
observed.

During the measurements, which lasted 90 seconds, the
maximum voltage peak was 3.62 V, the minimum was equal
to 1.36 V, with a range of 2.26 V. The average value was
equal to 2.463 V, whereas the median and the mode values
were equal to 2.48 V and 2.50 V, respectively, with the
standard deviation of 0.054.

With careful examination of the graph shown in Fig. 15,
small peaks can be noticed, which may have been caused by
water drops that had lightly touched the piezoelectric
transducer or by vibrations of the polystyrene box caused by
the percussion of the rain or by splashing. Some of these
peaks are shown with zoom in the same figure.
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Fig. 14 — (a) Sampling of 90" performed outdoor in San Cataldo (CL,
Italy), during the rainfall of January 18", 2015, at 05:45 pm and
(b) transient of 0,15s caused by a single raindrop.
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The analysis of the data shows that the reference value
during the lab tests were mainly 2.52 V, and could rarely be
noticed at 2.51 V. Instead, the magnification of Fig. 14
demonstrates that the reference value continuously oscillates
between 2.51 V and 2.49 V. This could be caused by the
wind or by rain that fell in the proximity of the sampling
equipment, causing light vibrations. It is possible to
establish a measurement error of +0.010 V. During the
sampling, the rainfall was of high intensity with thunder and
wind and, from what can be deduced in the diagram, there
were several drops that fully hit the center of the wafer. The
power generated in this time frame is P = 2.916x108 W.

The first sampling instants are reported in Fig. 16. In
this short time interval, when several raindrops landed, the
graph denotes a decreasing trend (last quarter of the
sampling). These drops always tilted towards the transducer,
slipping across its surface and causing a continuous
variation of the potential difference, not allowing the
maintenance of the reference voltage value. Furthermore, in
different diagram zones, a net variation of the reference
voltage value (detail shown in Fig. 17) is observed. A
plausible explanation could be the fact that some drops,
once they hit the piezoelectric transducer, did not fall, thus
causing a change in the mass of the transducer, so it was
always subjected to pressure, despite there being drops that
caused small and large oscillations during the considered
time frames. The initial conditions were restored as soon as
the collected drops fell.

In order to try to explain the found behavior, the
mathematical model of section IV has been used. The
parameters of the raindrop have been considered and Fig. 18
shows the response of a raindrop with mass of 0.12 g and
final velocity of 1.24 m/s.
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Fig. 16 — First sampling instants on 18/01/2015 at 05:45 pm.
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In equation (27) a constant stress has been added (cav,
equal to a quarter of the raindrop stress) in order to reply the
not fallen drop. Oscillations are not developed around the
zero voltage, but are shifted toward negative values.

The data recorded during the tests of January 18" and
January 22" are all summarized in Table I.

Table. | — Main data recorded during the experimental tests.
January 18"

hour t Vmi | Vma | Vme Me A Pmed
n X d

0850 | 60" | 151 | 361 | 2504 | 250 | 00144 ng_gx

09:00 | 20 | 109 | 201 | 250 | 250 | 0.00481 zl'g_?f,‘

09:30 | 39 | 220 | 288 | 2508 | 251 | 0.00474 2'12051%"

09:37 | 39 | 172 | 350 | 2487 | 250 | 0.02092 4'13$_§X

17:45 | 90" | 1.36 | 362 | 2463 | 248 | 0054 Z-fg_SX

January 22"

hour t Vmi | Vma | Vme Me A Pmed
n X d

1250 | 90" | 1.72 | 3.42 | 2500 | 2551 | 0.01007 1%_?‘

13:30 | 90" | 233 | 291 | 251 | 251 | 0.00401 1'160%

VIIl. INTERFACING CIRCUIT

It appears evident that the same piezoelectric device may
present different values of the extracted power: a harvester
can produce power in the order of mW if attached to
industrial motors, while the power decreases in the order of
pW if the same device is attached to a human body. Similar
considerations can be carried out for solar-powered sensors,
which can benefit of power in the order of tens of mwW for
outdoor environments, while for indoor locations the power
is in the order of uW. Therefore, it is clear that the sensors
applied in locations without any energy supply require a
higher level of care in terms of their design.

Moreover as stated in [22], the harvesting from rain is
considered an interesting of ecological source of renewable
energy, and available kinetic energy of rainfall is not trifling
in tropical countries at the equators.

A piezoelectric beam in any cantilever configuration,
and a storage system makes the raindrop energy harvester,
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whose scheme is reported in Fig. 19. A rectifier bridge,
which is needed because of the alternate trend of the voltage
waveform and which employs low-loss full-wave bridge
rectifier for the voltage consumption reduction, and several
capacitors, composes the energy storage. A micro power
step-up low voltage booster module is used with the purpose
of obtaining both a better energy storage and a suitable
voltage. A capacitor receives the pulses generated by the
rain and it progressively charges until it reaches the voltage
values suitable for both the sensors and the transmission
system supply. The global performances of the harvesting
system depend on the AC-to-DC converter, acting as an
interface circuit.

The ultra-low power microcontroller regulates both the
booster and the energy management. Fig. 20 shows the
schematics of the harvesting system, employing the low-
cost pump charge LT3588 (Linear Technology Inc. [31]),
whereas the stepped output voltage is depicted in Fig. 21.

A significant limitation is due to the rectifying system. A
common full bridge wave rectifier employs twice the diode
voltage drop as shown in Fig 20. A large voltage drop
cannot be tolerated, common MOS diodes or even discrete
Schottky diodes must be avoided [32], preferring to these
CMOS integrated active rectifier.

rain Remote station

g-— Energy Energy Y

Harvester [ storage

=]
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——= Sensor(s) power &) trans?:eiver
microcontroller

Environment: temperature, status, position,...

Fig. 19. Scheme of monitoring system fed by the raindrop energy harvester.
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In [32] a two stage rectifier is presented. First stage is
called negative voltage converter and used to convert the
negative half wave into a positive one. The second stage
employs a common PMOS transistor connected as diode, or
better, an active diode. Compared to a PMOS diode an
active diode has a strongly reduced voltage drop, which is
only some tens of millivolt.

Furthermore, in order to avoid full bridge diode
rectifiers, in [33] a direct AC/DC converter is proposed. The
system employs an interconnection of a boost and a buck—
boost converter. The boost converter steps up the voltage
with same polarity as the source voltage Vin,, while the
buck-boost converter steps up the voltage with the opposite
polarity of the source. The use of such system will allow to
obtain an efficiency about 92%, while for the full bridge
rectifier system is about 50%. Similarly [34] proposes the
use of a back-boost in an automotive environment.

On the other hand, due to the engagement of more
advanced conditioning circuits [35-39], or by modifying the
shape of the cantilevers [40-41], ultra-low power
applications are rapidly spreading.

The employment of such advanced systems will be the
subject of future studies in which a comparison with the
same strain will be performed.

CONCLUSIONS

The purpose of generating energy using rain as a source
is to feed small and low consumption electronic
components. However, the proposed experiments have
confirmed the difficulty to guarantee a minimum power
value needed for supply without the energy storage and this
fact is clearly caused by the variability of the local
precipitation intensity. The collision process itself presents
very random behaviors, due to the occurrence of the
“splashing” event, or even the inclination of the drop related
to the impact surface, from the point where the impact takes
place, from its speed as seen in the three axes and also from
the presence of thin layers of water on the transducers.

The transduction efficiency is also affected by
uncertainty, as the thin layer of water deposited on the
transducer varies the mass and, consequentially, the inertia.
The Arduino® platform, even if low-cost and open-source,
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has been a perfect aid for the above-mentioned experiment,
obtaining 830 samples per second for all the five minutes
detection period. The performances were improved for
shorter detections reaching the peak of 895 samples per
second for a study interval of 2 seconds. The same object
can also be used to measure the kinetic energy of raindrops
in order to predict soil erosion.
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